The responses of cardiac actomyosin to changes in the concentrations of Ca 2 *, Na + and K + were examined to evaluate the role that direct actions of these cations could play in the regulation of myocardial contractility. The sensitivity of the Mg 2 *-activated adenosine triphosphatase (ATPase) activity of reconstituted cardiac actomyosin to changing Ca 2+ concentration was similar to that for skeletal actomyosin although both cardiac myosin and actomyosin were less active than the corresponding skeletal proteins at all Ca 2+ concentrations. Activation of both myosins by either the cardiac or skeletal actintropomyosin complex was virtually absent when free Ca 2 * concentration was below 1CH M. Full activation was seen at Ca 2 * concentrations greater than 10-6 M. These findings support the view that variations in intracellular Ca 2
* concentration play a role in regulating myocardial contractility.
Replacement of KC1 by NaCl stimulated both the ATPase activity and superprecipitation of cardiac actomyosin. The positive inotropic effects associated with replacement of intracellular K* by Na + , e.g. the positive staircase accompanying increased heart rate, may therefore be due, in part at least, to a direct action of Na + upon the contractile proteins.
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• Unlike skeletal muscle, in which tension can be augmented by increasing the number of active motor units and by development of tetanic contractions in response to rapidly delivered stimuli, the heart's contractile performance is normally regulated by modulation of the responses of the individual fibers to single stimuli. Such length-independent changes in myocardial contractility are often accompanied by alterations of the velocity of shortening. In view of the direct relationship that may exist between the shortening velocity of a muscle and the adenosine triphosphatase (ATPase) activity of its contractile proteins (1-3), we studied the behavior of cardiac This work was supported by Research Grants HE-08515 and HE-05741 from the National Institutes of Health, U. S. Public Health Service and Grant 65-G-61 from the American Heart Association.
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Accepted for publication October 16, 1966. actomyosin to obtain clues to the means whereby myocardial contractility is regulated. Cardiac actomyosin was reconstituted from individually purified cardiac myosin and actin-tropomyosin complex, prepared by methods that assure the absence of contamination by mitochondrial fragments and particles derived from the sarcoplasmic reticulum. This protein complex constitutes a contractile model that hydrolyzes adenosine triphosphate (ATP), undergoes superprecipitation (an in vitro form of contraction), and responds to changes in the concentration of free Ca 2 * in a manner that appears to reflect the physiological action of this ion in effecting excitation-contraction coupling. Two distinct ionic mechanisms found to influence the behavior of cardiac actomyosin raise the possibility that variations of intracellular free Ca 2 * concentration and replacement of intracellular K* and Na* modify contractility in the intact heart.
Methods
The cardiac contractile proteins were prepared from hearts excised from dogs anesthetized with pentobarbital. Chromatographically "pure" cardiac myosin was prepared by a method that avoids inclusion of actomyosin in the final product (1) . Exclusion of contaminating mitochondrial and microsomal fragments was assured by ultracentrifugation for 2% hours at 150,000 X g. Tropomyosin-free actin was extracted at 0°C from acetone-dried muscle powder (4) and purified by a method that minimizes contamination of the final actin by tropomyosin. The actintropomyosin complex was extracted from the muscle powder at 35°C and purification was carried out by the method described previously for the homologous protein complex of skeletal muscle (5) . The ratio of the weight of tropomyosin-free actin to that of myosin was 1 to 4, that of the actin-tropomyosin complex to myosin was 1 to 3 (5) . Contamination of these proteins by active membrane systems was ruled out by acetone washing of the muscle powder that preceded extraction of the actin-tropomyosin complex. Protein concentrations were determined by the biuret method, standardized by Kjeldahl nitrogen determinations. Contractile proteins of white skeletal muscle were made from the back muscle of rabbits by similar methods. Adenosine triphosphatase activities were determined by measuring the initial rate of release of inorganic phosphate (P,) with the method of Taussky and Shorr (6) . Because the rate of release of P, from ATP by these actomyosins increases after superprecipitation (Fig. 4) , phosphate samples were taken after approximately 202 of the ATP was hydrolyzed. The appropriate time for stopping the reactions was determined by trial runs. Some reactions were followed to completion by measuring the release of H + in the pH Stat (Radiometer, Inc.), calibrated by P, determinations as described previously (7) . All calculations of ATPase activity are expressed on the basis of the myosin contents of the various reaction mixtures in order to facilitate comparison between different experiments.
Superprecipitation was measured in a Gilford Recording Spectrophotometer by following the change in absorbancy (8) at 545 to 560 m/x of 2.4 ml of solution in a magnetically stirred l X l cm cuvette. CaEGTA 1 buffers were prepared in the manner described by Weber and Winicur (9) . The equilibrium constants of Chaberek and Martel (10) were employed. The CaClo solution was titrated by the method of Bachra et al. (11) with the EGTA used to make the Ca 2+ -buffers.
Calcon (Eriochrome Blue Black R) was the indicator.
All chemicals used were reagent grade (Mallinckrodt). The Na 
Results

Ca'*-Sensitivity of Cardiac and White Skeletal' Actomyosins
The initial Mg 2+ -activated ATPase activities of actomyosins reconstituted from various combinations of cardiac and skeletal myosins and actin-tropomyosin complexes were determined when the concentration of free Ca 2+ was buffered at levels between 10" 8 to 1(H M. In each set of experimental conditions, the level of enzymatic activity was determined only by the type of myosin used (1) . The extent of activation of either myosin ATPase was the same for cardiac and white skeletal actin-tropomyosin complex (Fig. 1) . Although the actin-tropomyosin complexes from both cardiac and white skeletal muscles caused less activation of cardiac myosin than of skeletal myosin, the sensitivities of all actomyosins to Ca 2+ were similar. Activation by the actin-tropomyosin complex of myosin ATPase activity was virtually absent when the free Ca 2+ concentration was less than 10~7 M and maximal activity was reached at approximately 10~5 M Ca
2+
. The mean free Ca 2+ concentration at which actomyosin ATPase activity was half of the maximum was between 5.6 and 7.9 X 10-° for all combinations of myosins and actin-tropomyosin complexes ( Table 1) .
Effects of Ionic Strength on the Initial Mg'*-Activated ATPase Activities of Cardiac Myosin and Actomyosin
The Mg 2+ -activated ATPase activity of actomyosin-free cardiac myosin was previously found to be only slightly inhibited by increasing the concentration of KC1 (1). Much great->EGTA = l,2-bis-(-2-dicarboxymethylaminoethoxy) ethane.
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Skeletal" is used in this article as an abbreviation for skeletal muscle. er sensitivity to changing ionic strength was seen in the case of the cardiac actomyosin made with a tropomyosin-free cardiac actin (Fig. 2) , because high concentrations of KC1 abolish the activation of myosin by actin. Similar curves were obtained with cardiac actomyosins made with actin-tropomyosin complex (see below), although inhibition of ATPase activity by Ca 2+ -chelation was seen only when the actin was extracted in a manner that leads to inclusion of the tropomyosin complex (5).
a Skeletal Myosin (Table 2) . Similar findings were obtained with the proteins of white skeletal muscle. Because the myosin was prepared in KCl (1), potassium ion could be completely eliminated only by subjecting the protein to additional preparative manipulations. Experiments in which K + was totally replaced with Na + by dialysis confirmed the results obtained when partial replacement was effected (Fig.  3) . Examination of the time course of the reactions of the actomyosin with ATP revealed stimulation by Na + of ATPase activities during both the clearing phase and after superprecipitation (Fig. 4) . The stimulatory effect of substituting Na* for K + was linear with increasing Na + concentration (Fig. 5) . These different effects of Na + and K + were best seen with fresh myosin preparations and often disappeared as the myosin preparation aged. This loss of Na + -actdvatdon : which is similar to the change of the actin-tropomyosin-myosin interaction seen when myosin SH groups are blocked (7), was most likely due to spontaneous oxidation of myosin SH groups. Preparation of myosin in 0.1 mg/ml dithiothreitol, a powerful reducing agent, followed by removal of this reagent by dialysis, gave myosins which, when combined with All results were obtained at 25°C in 1.0 mM MgATP, 0.1 mM CaCl 2 and 20 mM histidine at pH 6.8. Myosin concentrations were 0.5 mg/ml. Actomyosins were made by adding the actin-tropomyosin complex to a final concentration of 0.167 mg/ml. *Standard deviation. ft = 8.969, n = 1 2 , P < . 0 0 1 . *t = 5.060, n = 8, P < .002.
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FIGURE 3
The effects of varying concentrations of NaCI ( (Fig. 6) . The shorter clearing phase seen in the presence of Na + was followed by a more rapid and extensive turbidity increase during superprecipitation. The increased rate and extent of supreprecipitation are not specific effects of Na + , but are seen in this system when the duration of the clearing phase is shortened by other means, e.g., by reduction of MgATP concentration.
Discussion
These measurements of the rate of hydrolysis of ATP, which appears to provide the immediate energy source for muscular con-
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FIGURE 4
Effect traction (12) , and superprecipitation, which represents an active shrinkage of the loose particles of the actomyosin gel (13) , can be evaluated with reasonable confidence that contamination of the actomyosin by extraneous muscular elements such as mitochondria or microsomes has been eliminated. On the other hand, these highly purified contractile proteins have lost the precisely ordered arrangement found in the original myofibril and may lack additional, as yet undefined, contractile elements that could significantly modify their behavior in the intact myocardium. In the range of K* concentration believed to exist within the mammalian myocardium (14) little activation of cardiac myosin ATPase by either tropomyosin-free actin (Fig. 2) or the actin-tropomyosin complex (Fig. 3) is seen. Similar findings have been noted in comparable reconstituted skeletal actomyosins (2, 9) and in natural cardiac actomyosin (15) . In the present experiments, the pH was near CircuUnon Risurcb, Vol. XIX, Dictmbtr 1966 that estimated to exist intracellularly (16) , while the concentrations of Mg 2+ and ATP were slightly less than the average values expected within the myocardium (17, 18) . Increasing Mg 2+ or ATP concentration would shift the curves illustrated in Figures 2 and 3 slightly to the left, reducing the activation of myosin by actin at any ionic strength. On the other hand, if the local concentration of ATP in a "compartment" surrounding the cardiac contractile proteins in situ was significantly less than that used here, the ATPase activity would be considerably enhanced. However, failure of cardiac actin to activate cardiac myosin under in vitro conditions resembling the average intracellular environment is most likely due to the disordered arrangement of these contractile proteins, because myofibril preparations from both cardiac and skeletal muscle show considerable activity under these conditions (12) .
The abilities of cardiac or white skeletal actin-tropomyosin complexes, like those of the tropomyosin-free actins (1, 2), to activate myosin ATPase activity do not differ. Although the actomyosins made with cardiac myosin have lower ATPase activities and are activated to a lesser extent by either actintropomyosin complex [(1, 2), Fig. 1 ], the sensitivities to changing Ca 2+ concentration of all actomyosins were similar (Fig. 1, Table  1 ). These findings differ from those of Lee (19) who found that activation of cardiac myofibrils required addition of approximately three times as much calcium as did activation of skeletal myofibrils. However, the total calcium concentration needed to activate both cardiac and skeletal myofibrils was approximately ICHM, more than an order of magnitude greater than the free Ca 2t concentration needed for activation of cardiac and skeletal actomyosins in the presence of Ca 2 * buffers [(9), Fig. 1 ]. Lee's high value is probably due to binding of added calcium by ATP and the contractile proteins in experiments carried out without a system for stabilizing free Ca 2+ concentration (19) , and the greater calcium requirement of cardiac myofibrils could reflect additional binding of calcium by the mito-chondrial fragments that readily contaminate cardiac, but not skeletal myofibrils (15) . Fanburg (20) concluded that there was similarity between the amounts of added calcium required to activate cardiac actomyosin and skeletal myofibrils on the basis of the midpoint of the activation curve for cardiac actomyosin at 10" 5 M added CaCl 2 (20) compared with the midpoint for skeletal myofibrils at 5 X 10" n M CaCl 2 (21) .
Studies of the Ca 2+ sensitivity of isolated fibers from crab muscle in the presence of CaEGTA buffers (22) indicate that this invertebrate muscle has a Ca 2+ requirement similar to that of mammalian cardiac and skeletal muscle. As in the latter, activation began at a Ca 2+ concentration of approximately 10~7 M and was virtually complete in 10"
, while the midpoints of the sigmoid curves relating Ca 2+ concentration to activity (Fig. 1) were at approximately 10~° M.
The possibility that contractility of the intact myocardium is regulated by variations in the intracellular concentration of free Ca 2+ is supported by calculations based on the present findings, coupled with data found in earlier reports. The myosin content of the heart, which is one third to one half that of the skeletal muscle (1), can be estimated from published values of 35 to 54 g/kg wet weight for the actomyosin content of the myocardium (23) (24) (25) . This value, when reduced by one fourth to account for the actin and tropomyosin present in natural actomyosin, gives a myosin content of 28 to 41 g/kg wet weight. Based on the presently accepted molecular weight for cardiac myosin of approximately 500,000, the myosin content of the heart would be 5 to 8 X 10" 5 moles per kg wet weight. The apparent discrepancy between this value and the much lower concentration of free Ca 2+ needed to effect activation of the contractile proteins in vitro (Fig. 1) is readily explained by the binding of calcium to the contractile proteins. Half-maximal activation of skeletal actomyosin ATPase activity is seen when approximately 1.6 /ttmoles of calcium per g of myofibrils are bound (26) . This value corresponds to approximately 1 molecule of calcium bound for each myosin molecule; full activation occurs when approximately 2 molecules of calcium are bound to each myosin bridge (26) . The relationship between activity and the binding of calcium by cardiac myofibrils appears to be the same (26) . The myocardial calcium uptake that accompanies the positive inotropic effect of increased stimulation (27) (28) (29) could be involved in the enhanced contractility if activation of myosin by the actin-tropomyosin complex during the control state were limited by the availability of intracellular calcium. In the dog papillary muscle, perfused through its own arterial vessels at 25°C, a 40$ increase of isometric tension during a staircase associated with increased cardiac rate is accompanied by a net gain of approximately 2 X 10~8 moles of calcium per kg wet weight (28) . This calcium influx would provide 1 molecule of calcium for up to 40% of the myosin molecules, supporting the view that the increased intracellular calcium concentration was directly responsible for the increased contractility.
The present findings also suggest a role for exchange of intracellular K + with Na + in the regulation of myocardial contractility, because both actomyosin ATPase activity (Figs. 3 through 5, Table 2 ) and superprecipitation ( Fig. 6 ) are enhanced when K + is replaced by Na + . This action of Na + , seen in the presence of Ca 2+ concentrations ten times those needed to produce full activation of this system, may reflect a direct competition with Ca 2+ for a binding site (or sites) on the contractile proteins (26) . Although the affinity of actomyosin for Ca 2 * is high, the alkali metal ions, both of which inhibit the interaction between actin and myosin (Fig. 4) , are present in concentrations several orders of magnitude greater than the Ca 2+ concentration needed to activate the cardiac actomyosin. In the intact myocardium, loss of intracellular K* associated with a corresponding gain of Na + has been observed during both the rate staircase and the positive inotropic action of cardiac glycosides, so that this ionic exchange could be partly responsible for the increased contractility. However, these ionic shifts would 
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have to be quite large to modify contractility if the present in vitro sensitivity accurately reflects that occurring in the living myocardium. Furthermore, a similar sensitivity of skeletal actomyosin to replacement of K + by Na + has been noted (13) ( Table 2 ) while changes in shortening velocity are not prominent features of the increases seen in skeletal muscle contractility (30) .
The present findings therefore demonstrate the existence of two distinct ionic mechanisms by which changes in the intracellular concentrations of Ca 2+ , and of Na + and K + could directly alter the contractility of the intact heart. These mechanisms, which are not mutually exclusive, have been observed in an in vitro system made from highly purified contractile proteins. Their significance to the contractile performance of the actomyosin in the living heart is not established.
